Abstract -Tensegrity robots are novel flexible mobile robots based on the conception of "tensegrity structures" that cited from the architecture. Tensegrity robots possess high strength-mass ratio, deformation capacity and shock resistance ability and can adapt to the environment with self-deformations. Existing simulations for tensegrity robots are carried out with Matlab that required complex dynamics modeling process and additional force constraints. Using ODE (Open Dynamic Engine) as a simulation tool can avoid the cumbersome modeling process. However, the robot model would collapse with the growth of DOFs (Degrees of Freedom). This paper solves the stable problem caused by large number of DOFs and builds a simulation environment for 6-strut tensegrity robots. Dynamic simulations for rolling and crawling gaits are performed in the simulation environment.
I. INTRODUCTION
In the last decade, various soft materials are used to make flexible robots that are able to change their shape for rough terrain locomotion, obstacle avoidance, and narrow passage locomotion. However the flexible robots process too many DOFs (degrees of freedom) which make them difficult to control precisely, and the robots' size are limited to be small owing to the characters of soft materials [1] [2] [3] [4] [5] [6] . Tensegrity structures are introduced as soft robots with "bones" inside of them that can be used to build large-size and high speed robots, and they reduce the number of DOFs to make them easier to be controlled. The word "Tensegrity", a combination of "Tensile" and "Integrity", was coined by Fuller in the 1940s in [7] . One of the definitions of "Tensegrity Structures" is: "Tensegrity structures are stable space structures which are composed of a set of disconnected rigid elements (struts) connected by a continuous network of tensional members (cables)." In all tensegrity structures, the struts are always in stress and the cables are in tension [8] .
A 6-strut tensegrity structure model is shown in Fig.1 (a) . The wooden bars are struts and the rubber bands are cables. A prototype ( Fig.1 (b) ) for the 6-strut tensegrity robot has been built by aluminum rods and pneumatic muscle actuators (PMAs). The PMAs can be contracted by compressed air and lead to the deformation of the configuration and make the robot roll.
Shinichi et al built a 6-strut tensegrity robot in [12] [13] and used Matlab for simulations in [2] . Yet Matlab requires complex dynamic models for the robots and all the possible collisions are decided by experience. Trying to avoid the cumbersome dynamic modeling process, ODE simulations for a 3-strut and a 4-strut tensegrity robot's crawling gaits have been proposed in [9] [10] [11] . Paul et al treated struts as rigid elements and cables as virtual elastic forces acting on the struts. However, with the growth of DOFs, the number of cables are growing, and the accumulate errors caused by cable forces become bigger and will lead to collapsing sooner or later. After comparing the existing simulation methods for tensegrity robots, this paper solves the problem of the accumulate errors and simulates the 6-strut tensegrity robots by ODE. Section II describes the simulation progress of 6-strut tensegrity configuration. Section III provides simulations for rolling gait and finds out less energy consuming way to control the robot. Section IV provides simulations for crawling gait and section V summarizes this paper.
II. IMPLEMENTATION OF DYNAMIC SIMULATION ENVIRONMENT
The Open Dynamics Engine is a free, industrial quality library for simulating articulated rigid body dynamics with built-in collision detection [14] [15] [16] . Using ODE for simulating robots' movement, we don't need to build complex dynamic models for them and consider all the possible collisions between the components (the struts and cables).
The simulation frame is shown as Fig.2 e) Take a simulation step. 10) Remove all joints in the contact joint group. 11) Destroy the dynamics and collision worlds.
Fig. 2 Frame of ODE simulation for tensegrity robots
In this paper, the struts are treated as rigid cylinders with homogeneous density and the cables are treated as two massless cylinders connected by elastic slider joints with constraints. The driving forces produced by cables are modeled as elastic forces independently. This method avoids the accumulative errors caused by simply model the cables as forces because the struts and cables are connected by "real" joints.
To simulate the 6-strut tensegrity robot in ODE environment, the following steps should be taken: (a) Build an initial configuration (IT or RT) for 6-strut tensegrity robot, including setting the initial positions and orientations of the components, setting the material parameters and attaching joints to the bodies; (b) Apply driving forces to the bodies and the forces are treated as elastic forces that are related to the elastic coefficient of the cables; (c) Collision detections that include calling collision detection and setting the ground frictions.
A. The initial configuration
A 6-strut tensegrity robot consists of 6 struts and 24 cables. As shown in Fig.3 , a 6-strut tensegrity structure has 8 RTs (Regular Triangles) and 12 ITs (Irregular Triangles) in topology. The 6-strut tensegrity structure is planar symmetric with IT on the ground (as shown in Fig. 4 (a) ) and 120 degrees axisymmetric with RT on the ground (Fig. 4 (b) ). The nodes are coded from 0 to 11 as shown in Fig.5 . Fig. 3 The topology of the 6-strut tensegrity robot Fig. 4 Two initial states of a 6-strut tensegrity structure
The initial positions and orientations of the components are determined by the positions of the nodes. We choose an initial state of tensegrity structure as shown in Fig.5 , the positions of the 12 nodes can be calculated by (1) . In equation (1), Ls is the length of the struts. Then the positions of the nodes in IT or RT state can be obtained by coordinate transformation. The positions (the center of mass) of the components can be calculated by the positions of the nodes at their both ends. The components' body coordinates (the orientations) are chosen as follows: The i-th (i =0,…,5) strut's Z-axis is calculated by (2) and one of the vectors perpendicular to the Z-axis are taken as the X-axis. The 6-strut tensegrity robot has 24 cables and each three of them form a regular triangle, we choose the vector perpendicular to the RT and pointing to the outside as the common Z-axis of the 3 cables. The X-axes of the 3 cables are along the cables' longitudinal axis and follow the right hand helix of the Z-axis. The Y-axes of all components are determined by the righthand rule. After the positions and orientations are set, the components are separate units placed in the simulation world and suitable joints should be chosen to connect them together. On each node, 4 universal joints are fixed to connect a strut with 4 adjacent cables. In the center of mass of each cable, one slider joint is fixed to connect the two parts of the cable to simulate it as a soft element. The slider joints' maximum slide distance is set to 0 to make sure it won't slide and the elastic coefficient is determined by the material of the cables.
B. Driving forces model
The actuators we used on the physical robot are pneumatic muscle actuators. When a pressure is provided internally, the actuators' hoses will expand outwardly and produce a lengthways drawing force which results to a contraction ( Fig. 6 (a) ); the shortened lengths of the actuators without any load L p are related to the air pressure supplied to them. The relationship between L p and the air pressure P is nonlinear and can be obtained by experiments. L p is a constant while the air pressure is given. When load f acts on the actuator as shown in Fig. 6 (b) , the actuators are treated as springs with elastic coefficient k c and therefore the length of actuators will change to L p +Δl and Δl = f /k c . However, the force generated by the actuator and the load f are a pair of interaction forces; hence the value of the actuator force is equal to f.
Suppose cable (a,b) is an actuator, after it is driven by compressed air with the pressure P, the driving force acting on node a can be calculated by equation (3) . L' a,b is a constant when the air pressure and the configuration is given. So we simulate the magnitude of the actuator force as constant. Then the actuator force is decomposed to 3 axes by (4) .
The L' a,b can be obtained by calling the function "dBodyGetRelPointPos()". In every simulation step, the value L' a,b is obtained and actuator forces are refreshed. 
C. Collision detection method
The ODE built-in collision detection can detect all collisions happened in current simulation step. In every step, the collision detection function is called for each pair of objects in the Space and contact joint is created for every collision point. All the joints are put into a joint group for simply destroying them in the end of this step.
The contact joints can be used to set the ground friction between the objects and the ground. When the contact joints are created on the contact point, the friction coefficient can be set in two directions: F-dir1 and F-dir2. By adding selection criteria, we can set different objects with different frictions. So far, the ODE simulation environment is built and various simulations can be carried out in it. 
III. SIMULATIONS FOR ROLLING GAITS
Rolling gait is one of the basic gaits for the 6-strut tensegrity robot. With different initial state, the robot can roll to different directions (Fig.8.) . The white lines in following figures are the trajectories of the center of mass of the robot. Using simulations, we can easily find out the mapping relationship between the actuators and the directions. To describe the rolling directions clearly, the landing triangles are used to represent the stable states. The robot will roll from one triangle to another. The codes of the nodes are used to describe the landing triangle. The robot in Fig.8 can roll from triangle (0,2,6) to (0, 6, 8) or (2, 6, 9) when the initial state is IT; and it can roll from triangle (0, 6, 8) to (4, 6, 8) or (0,8,10) or (0,2,6) when the initial state is RT.
Firstly, each one cable is driven by a 2000N force and the result is shown in table I. Then, the pairs of cables which connect only two struts are driven by a 1000N force in IT state or 300N force in RT state and the result is shown in table II. In the tables, a represents 10 and b represents 11. Some of result can be verified by experiments on the prototype and some cannot be realized limited by the driving forces the PMAs can apply. From the results of the simulations, we find out that: 1) Rolling from RT to IT is much easier than rolling from IT to RT: from table II, we can see that 300N forces can drive the robot from RT to IT, yet to drive it from IT to RT, 1000N forces are needed at least.
2) A pair of driven cables can make the robot roll easier than only one actuator: comparing table I and II, at least 2000N forces are provided to make the robot roll with one actuator, however, 300N forces can roll the robot from RT to IT and 1000N can roll it from IT to RT.
3) A pair of actuators with driving forces greater than 500N can make the robot roll from RT to IT and keep on rolling until the next RT state, this simulation is shown in Fig.10 . RT state is more stable than IT state because of the triangle area of RT is bigger than IT, and the robot change its shape during the movements and make the area of IT even smaller than RT after deformation. So the robot can roll from RT to next RT by passing an IT state effortless.
4) Available actuators are listed in table 3-1 and 3-2 to control the rolling directions of the 6-strut tensegrity robot. For examples, actuators 07 and 68 can drive the robot roll from IT to its left-hand RT and right-hand RT, respectively; actuators pairs 06&07 and 14&15 can drive the robot roll from RT to its right-hand IT and left-hand IT, respectively. Considering the energy saving problem, a pair of actuators with more than 500N driving forces is used to control the robot roll from RT to next RT state. The robot will finally reach the destination by using continuous RT to RT sequence. The continuous rolling gait has been realized on the prototype shown in Fig.1(b) , the screenshots of the video are shown in Fig.9 . Fig. 9 Continuous rolling gait of 6-strut tensegrity robot IV. SIMULATIONS FOR CRAWLING GAITS Rolling gaits are quite efficient on flat ground, but it is not suitable for climbing a slope or other obstacles, then the crawling gaits should be discussed. In this paper, we use an open loop control sequence to make the robot crawling along the given direction.
The three landing nodes on the ground are set with different skin frictions. The red one (node 6) and the purple one (node 8) are set to 10, and the blue one (node 0) is set to 5. Firstly, using actuators 68 and 08 to lift the node 8 (the purple one) off the ground and shrink the cable 08 (the one which connects the purple and the blue strut), then plant the node 8 (the purple one) back on the ground and release the cable 08 to its initial length. After all the steps above, the robot will crawl to the direction with smaller friction (node 0, the blue one) like a worm. Repeat the operation and alternatively lift the node 6 and node 8, the robot will keep crawling and move forward to node 0.
The simulation is shown in Fig. 11 . The white arrows point out the nodes off the ground. The z-axis values of the landing nodes are output to a TXT file and Fig. 11 shows the status of the three landing nodes during the simulation. When the nodes are touching with the ground, the z-axis values should be less than 0.005m and the values of status are set to zero. Fig. 12 proves the nodes 6 and 8 are lifted off the ground alternatively.
There are several points ought to be paid attention to:
1) The forces applied by actuators should be less than the forces that could make the robot roll;
2) The nodes landing on the ground should be given by different frictions to make the robot crawl like a worm;
3) Lowering the position of the center of mass can achieve more stable crawling gaits.
In order to achieve precise crawling gaits, further studies on closed-loop control and optimization algorithm are needed. Fig. 10 Rolling from RT to RT by a pair of actuators Fig. 11 Crawling gaits of the 6-strut tensegrity robot This paper introduces a method for simulating the motions of the 6-strut tensegrity robots. Firstly, the simulation environment is built based on ODE and the stable problems existed in previous works are avoided. Secondly, the rolling gaits are simulated in the environment and the mapping relationship between the actuators and the directions is discovered. Based on the simulation results, an energy saving control strategy is proposed to make the robot roll from RT to next RT state. Continuous rolling gaits are realized on a prototype built by PMAs and aluminum pipes. Thirdly, a simple crawling gait is proposed by imitating myriapod animals. The two of the three landing nodes are lifted alternatively to make the robot crawl forward. Future researches like closed-loop control and optimization algorithm are needed to obtain a more precisely crawling gait.
